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The penetration of a supersonic particle at the interface was studied in a binary complex plasma.
Inspired by the experiments performed in the PK-3 Plus Laboratory on board the International
Space Station, Langevin dynamics simulations were carried out. The evolution of Mach cone at
the interface was observed, where a kink of the lateral wake front was observed at the interface.
By comparing the evolution of axial and radial velocity, we show that the interface solitary wave
is non-linear. The dependence of the background particle dynamics in the vicinity of the interface
on the penetration direction reveals that the disparity of the mobility may be the cause of various
interface effects.
PACS numbers: 52.27.Lw, 52.35.Mw, 68.35.Ja
A complex plasma is a weakly ionized gas contain-
ing small solid particles [1, 2]. The particles are highly
charged by collecting ions and electrons. Using video
microscopy, localized structures and dynamics can be di-
rectly recorded in the experiments. Various phenomena
such as formation of crystal lattice [3, 4], wave phenom-
ena [5–10], and instabilities [11, 12] can be studied in
complex plasmas. A binary complex plasma contains two
types of microparticles of different sizes, which can either
be mixed [13, 14] or form a phase separated system [15–
17]. It was discovered that phase separation can still
occur due to the different force balance for microparti-
cles of different sizes under microgravity conditions de-
spite the criteria of spinodal decomposition not being ful-
filled [18, 19]. An interface between separated phases
emerges and various interfacial phenomena are investi-
gated [20, 21].
Recently, wakes excited by a moving disturbance in
complex plasmas have attracted much attention [22–27]
since the first theoretical predictions [28, 29]. The dis-
turbance can be imposed by either a laser beam [30, 31]
or extra particles [32–34]. If the disturbance moves faster
than the sound speed in the complex plasma, the wakes
exhibit a V-shaped structure in two-dimensional (2D)
case [35, 36] and a conical structure in three-dimensional
(3D) case [32, 33, 37], known as Mach cone. In the ground
laboratory, the particles are levitated in the (pre)sheath
and form a 2D plasma crystal in the case of strong cou-
pling conditions. The extra particles can travel either
above or below the particle layer, exciting a repulsive
or attractive Mach cone, respectively [35, 38]. Under
microgravity conditions, the particles form a relatively
homogeneous 3D complex plasma. The penetration of
the extra particles results in a moving disturbance inside
the particle cloud, generating a 3D Mach cone if moving
faster than the speed of sound [32, 37, 39, 40].
1 mm
FIG. 1: Snapshot of the penetration of an extra particle across
the interface of a binary complex plasma in an experiment.
Thirteen consecutive images were overlaid, where the trajec-
tory of the penetrating particle was shown as a straight white
line. Three locations are highlighted by the rectangles, corre-
sponding to the insets in Fig. 2(a-c).
In this paper, we present a numerical simulation to
study the evolution of a lateral wake excited by a super-
sonic extra particle at the interface, inspired by an exper-
iment observation under microgravity conditions. The
experiment was performed in the PK-3 Plus Laboratory
on board the International Space Station (ISS). Technical
details of the setup can be found in the Ref. [41]. A neon
plasma was produced by a capacitively-coupled radio-
frequency (rf) generator in push-pull mode at 13.56 MHz.
The binary complex plasma was prepared by inject-
ing two types of particles. The first type is melamine
formaldehyde (MF) particles of a diameter of 3.42 µm,
while the second type is SiO2 particles of a diameter of
1.55 µm. In addition, agglomerated larger particles were
present on the outside of the particle cloud. Using video
2FIG. 2: Distribution of the density (a-c) and the velocity in z-direction (d-f) and in radial direction (g-i) of the
background particles in a binary complex plasma in the Langevin dynamics simulation. The penetration velocity
of the extra particle (shown as a grey semicircle) is set as 50 mm/s. The left, middle and right panels correspond
to the moment where the extra particle is in the big particle cloud, in the vicinity of the interface, and in the
small particle cloud, respectively. For comparison, the experiment images at a similar moment are shown in the
inset of (a-c), correspondingly. The cone structure is highlighted by dashed lines in (d-i).
microscopy [41], a cross section of particle cloud (illumi-
nated by a laser sheet) was recorded at a rate of 50 frame-
per-second (fps). The gas pressure was set at 20 Pa, and
the discharge voltage was set at 20 V.
As we can see in Fig. 1, the particles of two types
were phase-separated, mainly due to the difference of the
ion drag force [19]. The small particles were confined on
the right side, while the big particles were on the left
side. The extra particle moved from the left to the right,
leaving a straight trajectory across the interface. The
driving force is still not fully understood [37]. It might
be due to a rocket force acting on the extra particle [42].
We employed the python library aircv based on
the SIFT feature detector algorithm [43] to track the
penetrating particle. It accelerated from 20 mm/s
to 60 mm/s, and the velocity near the interface was
∼50 mm/s [48]. As we see in the insets of Fig. 2(a-c),
a cavity around the supersonic particle appeared. The
Mach cone structure of the lateral wake emerged as the
extra particle crossed the interface. The structure be-
came evident as its velocity reached ∼60 mm/s, where
the cone angle decreased dramatically.
However, due to the high density of the background
particles, it is difficult to obtain the full details of indi-
vidual particles in the cross section. In order to study
the dynamics of this phenomenon quantitatively, we per-
formed Langevin dynamics simulations, where the posi-
tions and velocities of each particle can be acquired easily
[44, 45]. The equation of motion including damping from
the neutral gas is given as
mir¨i +miνir˙i = −
∑
j 6=i
▽φij + Fid,i + Fc,i + Li, (1)
where ri is the position of the particle i, mi is the mass,
νi is the damping rate, and Li is the Langvin force. The
Langevin force is defined by 〈Li(t)〉 = 0 and 〈Li(t)Li(t+
τ)〉 = 2νimikBTδ(τ)I, where T is the temperature of the
heat bath, δ(τ) is the delta function, and I is the unit
matrix. The particles interact with each other via the
Yukawa potential,
φij =
QiQj
4πǫ0rij
exp(−
rij
λ
), (2)
where λ is the Debye length, Qi is the charge of particle i
and Qj the charge of a neighboring particle j, separated
by interparticle distance rij . The particle cloud was con-
fined by the ion drag force Fid,i directed in the negative
z direction, and the confinement force Fc,i(= −∇ΦQi)
resulted from the confinement potential Φ. The ion drag
force was assumed to be constant for small particles and
for big particles, respectively. The confinement potential
was assumed to be parabolic, i.e., Φ = 1/2Cz2, with a
constant C. As result, the particle cloud was phase sep-
arated with the small particles located to the right of the
big particles, as we see in Fig. 1. The Langevin dynam-
ics simulations were performed with 4000 small particles
and 1500 big particles, using LAMMPS in NVE ensemble
[46]. The rest of the parameters were set as in Table I
[20, 41, 47]. Note that the simulation was performed
3TABLE I: Parameters in the Langevin dynamics simulation:
microparticle mass m, charge Q, damping coefficient ν, ion
drag force Fi, strength of confinement potential C and Debye
length λ
.
type m Q ν Fi C λ
[kg] [e] [s−1] [fN] [V/m2] [µm]
MF 3.3 × 10−14 6000 50.7 63 104 100
SiO2 3.6 × 10
−15 2700 91.3 18 104 100
extra - 30000 - - - 100
in the Cartesian coordinate system, while the analysis
was performed in cylindrical coordinates, considering the
symmetry of the system.
Despite the fact that the extra particle accelerated
along its trajectory in the experiment, we set the ve-
locity of the extra particle as constant in the simulation
for simplicity. To focus on the effect of the extra par-
ticle on the interface, we select the penetration velocity
as vc = 50 mm/s. The density distribution is shown in
Fig. 2(a-c). Particle-free cavities are clearly seen around
the extra particle, which are caused by its repulsion on
the surrounding particles [26]. The cavity in the big par-
ticle cloud has a more elongated shape than that in the
small particle cloud. However, it is truncated into two
separated parts at the interface. This remarkable feature
is caused by the fact that the small particles are much
more mobile than the big particles so that they fill in the
cavity at the interface before the big particles in the rear
do. The radial and the axial velocity distribution of the
background particles are shown in Fig. 2(b-d) and (g-i),
respectively. Clearly, the sound speed in the big parti-
cle cloud is smaller than that in the small particle cloud,
which results in a smaller angle of the Mach cone. The
lateral wake front is kinked at the interface, highlighted
by the dashed lines in Fig. 2(e,h).
The penetration of the extra particle at the interface
excited a solitary wave, propagating along the interface.
We select all small particles within 50 µm from the in-
terface in the simulation and obtain the evolution of the
axial and radial velocity. For better resolution, the sim-
ulation was repeated 20 times with different initial con-
ditions, and the results were averaged. The results are
shown in the periodgram in Fig. 3. As the extra particle
left the interface, the cavity shrank instantaneously. The
small particles moved towards the territory of the big par-
ticles, shown by the blue fraction in Fig. 2(b). As soon as
the cavity was closed, a highly dissipative solitary wave
was excited, propagating along the interface outwards.
The propagation of this solitary wave was revealed by
both the evolution of the radial and axial velocity, how-
ever, at a different pace. While the evolution of the ax-
ial velocity shows that the wave propagated at a con-
stant speed, the evolution of the radial velocity shows the
propagation slowed down. This implies the non-linearity
of this solitary wave, whose propagation range is below
500 µm before it was dissipated.
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FIG. 3: The evolution of the solitary wave by particle radial
velocity (a) and axial velocity (b) at the interface. The cavity
is left blank. The wave front is highlighted by a black dashed
line.
It is interesting to study the dependence of the reac-
tion of the background particles in the vicinity of the
interface on the penetration direction and speed. For
this purpose, we performed a series of additional sim-
ulations in which we varied the speed and direction of
the extra particle. We define the penetration depth ζ
as the maximal distance of the small particles entering
the large particle cloud from the interface. A positive
speed vc > 0 means that the extra particle moves from
the cloud of big particles into that of small particles. As
we can see in Fig. 4(c), for positive penetration speeds,
the small particles barely crossed the interface and in-
truded into the territory of the big particles. In contrast,
for negative speeds, the small particles followed the extra
particle, filled the cavity, and intruded into the territory
of the big particles. At vc ≈ −30 mm/s, the small parti-
cles reached the deepest depth. However, when the speed
of the penetrating particles became even faster, the depth
decreased and finally reached saturation. This is caused
by the differences of the particles on the two sides of the
interface, in terms of the mass, damping rate, as well as
the strength of the interaction. These factors lead to the
disparity of the particle mobility so that the small par-
ticles react with greater magnitude than big particles to
the disturbances in the stimulations. In fact, this may
be the essential cause of various interface effects such as
reflection of waves at interfaces.
In conclusion, we performed Langevin dynamics simu-
lations to study the penetration of a supersonic particle
at an interface in a binary complex plasma. The Mach
cone structure was observed, where a kink emerged at the
interface. By studying the dependence of the reaction of
the background particles in the vicinity of the interface
4                 
vc (mm/s)
 
 
 
ζ
(m
m
)   F 
         
Δt (ms)
FIG. 4: (a,b) Trajectories of background particles for two
cases where the penetration directions of the extra particle
are opposite. The green arrows represent the penetration di-
rection of the extra particles. The colored curves represent
the trajectories of particles at different times ∆t, counting
from the moment that the extra particle crossed the interface
with a distance of 0.5 mm. Thicker lines represent big par-
ticles while the thinner lines represent small particles. The
red-dashed line is the position of the interface. (c) The de-
pendence of the penetration depth ζ of small particles on the
speed of the extra particle vc, where the interface position is
marked by a dashed line.
on the penetration direction and speed, we show that
the disparity of the mobility may be the cause of various
interface effects.
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